A study for screening and selection of cold tolerant mutants of Pseudomonas fluorescens strains GRS 1 , PRS 9 and ATCC13525 based on 'P' solubilization ability and subsequent effect on plant growth promotion under in vitro and in situ conditions was conducted. Of all the mutants tested, two were selected, as there was a 21-fold increase in CRPF 2 (GRS 1 mutant) and a 10-fold decrease in CRPF 7 (PRS 9 mutant) over their respective wild types. Under in vitro conditions at 10°C, these cold tolerant mutants exhibited increased plant growth indicating their functionality at low temperature. Subsequently, greenhouse trials using soil-plant microcosms were conducted which revealed that CRPF 2 (high 'P' solubilizer) was a good rhizosphere colonizer showing a significant increase in root (30 and 20%) and shoot length (20 and 24%) of mung bean, both in sterilized and unsterilized soil, respectively. On the contrary, CRPF, (low 'P' solubilizer) did not stimulate plant growth. Furthermore, sand experiments indicated that tricalcium phosphate served as better phosphorus source for CRPF 2 treated mung bean seeds.
Introduction
Soils usually contain 1.32 to 15.5 × 10 -2 % 'P' and insoluble phosphate that is not directly available to plant and/or microorganisms and comprise around 95 to 99% of the total phosphate (Hayman 1975) . Various methods to solubilize insoluble phosphate to increase its availability by biologically mediated processes as mineralization and immobilization by phosphate solubilizing microorganisms have been discussed (Illmer and Schimmer 1995; Zou et al. 1992 ). An increase in P availability to plants through the inoculation of phosphate solubilizing microorganisms has been reviewed several times in pot experiments (Kumar et al. 2001) and under field conditions (Chabot et al. 1996) . Richardson (1994) discussed two strategies to improve the efficiency of P fertilizer utilization: 1) management of existing populations of soil microorganisms to optimize their capacity for P transformation to synchronize their nutrient mobilization activity with that of plant requirements, and 2) the introduction of a specific inoculant to enhance either the supply and availability of soil P or the uptake of P by plant roots. However, the success of an introduced microorganism for phosphate solubilization has been related to its capacity to readily colonize plant roots (Salih et al. 1989) . The nutrient status of the rhizosphere determines the nature of the root exudates and it can have a direct effect on the composition of the rhizosphere microbial community (Klein et al. 1990; Lynch 1990) . Therefore, available nutrients will probably also affect the ability of an introduced plant growth promoting rhizobacteria (PGPR), to colonize root and to perform their beneficial activity.
Several studies have shown that Pseudomonas fluorescens as a soil bioinoculant improves the growth of plants by various mechanisms like production of antifungal compounds, siderophore mediated control, plant hormone production and phosphate solubilization (Glick 1995 ; Nautiyal 1999) . However, few studies on phosphate solubilization by P. fluorescens and its interaction with the plant system at low temperatures were performed. The aim of this study was to screen cold tolerant mutants of P. fluorescens for phosphate solubilizing ability and to study the effect of select mutants (high and low 'P' solubilizer) on plant growth attributes under in vitro (towel paper assay) and in situ (under greenhouse) conditions.
Materials and methods

Bacterial strains and Media
P. fluorescens strains GRS 1 and PRS 9 , originally isolated from rhizosphere of Glycine max and Pisum sativum, respectively (Rao and Johri 1999) , were obtained from departmental culture collection. P. fluorescens ATCC13525 was obtained from IMTECH, Chandigarh, India. All the strains were maintained on trypticase soy agar (TSA) slants comprising soy peptone 5.0 g/l; peptone, 15.0 g/l and NaCl, 5.0 g/l (pH 7.0 ± 0.2) at 4°C and as glycerol stocks at -20°C.
The cold tolerant mutants of P. fluorescens used in this study were originally developed by Mishra and Goel (1999) and Katiyar (1999) using nitrosoguanidine and were taken from the same culture collection.
'P' solubilization
Quantitative estimation of phosphate solubilization in broth was carried out in Erlenmeyer flasks (250 ml) containing 100 ml of NBRIP medium (Nautiyal 1999) . The flasks were incubated at 28°C for 2 days for initial screening and up to 7 days (in selected strains) at 180 rpm. The test culture was centrifuged at 5,500 rpm for 15 min. Phosphate in culture supernatant was estimated as described by Fiske and Subbarow (1925) and pH was measured (pH meter 324, Systronics). In each case, three replicates were used.
In vitro plant growth promotion
As a preliminary experiment for plant growth promotion, to test the efficacy of the mutants at low temperature, paper towel assay was set up. P. fluorescens wild type strains, GRS 1 and PRS 9 and their respective mutants (CRPF 2 and CRPF 7 ), grown to log phase at 28°C in trypticase soy broth (TSB) medium were used for seed bacterization of wheat var. Sonalika and mung bean var. PM-4 and incubated at 10°C as followed by Mishra and Goel (1999) . Non-bacterized carboxymethyl cellulose coated seeds served as a control. For standardizing inoculum size, bacterized seeds were sampled and colony forming units (cfu) were counted on TSB medium. The bacterial suspension was adjusted to 1.90 × 10 8 CFU per seed.
Greenhouse experiments
Bacterized seeds of mung bean were sown in pots (10 cms. diameter) containing sterile and unsterile field soil (pH 7.2) and reared in a greenhouse (temperature ranging 10-15°C) to evaluate their rhizosphere colonization ability. Another experiment was conducted to assess the 'P' mobilization potential of these strains in situ, where two different 'P' sources; tri calcium phosphate (TCP) and KH 2 PO 4 were used. Different 'P' sources were supplied as micronutrient (Hoagland's) solution once in a week. TCP was supplemented at the same concentration of KH 2 PO 4 as in normal Hoagland's solution. The bacterized seeds were sown in pots containing quartz sand (0.5-2 mm) instead of soil and reared in a greenhouse. Sterilized water was added daily both in soil and sand as necessary to maintain soil moisture levels near field capacity. The growth parameters were recorded after three weeks of germination. Each treatment had four replications (3 seeds per replicate). Data were analyzed statistically at 5% level of significance.
Results
'P' solubilization
For screening, quantitative estimation of 'P' solubilization was carried out using P. fluorescens strains GRS 1 , PRS 9 , ATCC13525 and their cold tolerant mutants grown in NBRIP broth (pH 7.0) for 2 days at 28°C. It was observed that CRPF 2 , a GRS 1 mutant, exhibited highest increase (21-fold) whereas CRPF 7 , mutant of PRS 9 showed a significant decrease (10.2-fold) in P solubilization ability over their respective wild types (Table 1) . On the basis of this screening, the strains were selected as P + (CRPF 2 ) and P -(CRPF 7 ) for further studies. Also, P solubilization was accompanied by a decrease in pH of the medium (Table 1 ). The selected strains were monitored up to 7 days for phosphate solubilization in NBRIP broth at 28°C. It was found that CRPF 2 could solubilize P to higher level during the entire experiment, although, the maximum P solubilized was by PRS 9 on second day with a 2-step decline further (Fig. 1) .
In order to establish the relationship between mutants, phosphate solubilization and plant growth at 10°C, paper towel assay was set up. Moreover, to see the effect of mutants on two different plant systems, growth promotion of wheat and mung bean was studied.
It was found that the mutants, CRPF 2 and CRPF 7 were effective in enhancing growth of both the crops significantly (p < 0.05) as compared to GRS 1 and PRS 9 , respectively at 10°C (Fig. 2) .
Further, to assess their ability as rhizosphere colonizers, pot experiment with sterilized and unsterilized soil system with mung bean as plant host was set up. Mung bean was chosen for in situ studies as the respective wild type strains were originally isolated from the rhizosphere of legumes. Moreover, mung bean responded better in terms of aerial growth in in vitro experiment. Plant growth parameters showed significant increase in response to bacterial inoculation. In unsterilized soil system, the effect of CRPF 2 (P + ) was highest with an increase in shoot length (24.4%) and root length (20.5%), followed by PRS 9 showing an increase in shoot (14.3%) and root length (13.8%). However, CRPF 7 (P -) also showed an increase in shoot (11.7%) and root length (11.3%) over control, but to a lesser extent. In case of sterilized soil, PRS 9 showed increase (comparable to CRPF 2 ) in shoot (21.5%) and root length (28.3%) over control (Table2). It is interesting to note that CRPF 2 performed better than PRS 9 in unsterilized soil, however, this difference was minimized in sterilized soil (Table 2) . It was further observed CRPF 2 and PRS 9 also promoted nodule formation (data not shown).
To elucidate the effect of different forms of phosphorus on P solubilization and subsequently plant growth, an experiment in quartz sand was set up. It was Fig. 1 . Effect of wild types and mutants of P. fluorescens on 'P' solubilization in NBRIP broth at 28°C for seven days. Each value is a mean of three replicates. Fig. 2 . Effect of wild types and mutants of P. fluorescens on root and shoot length of wheat (A) and mung bean (B) at 10°C in gnotobiotic condition (paper towel assay). Each value is a mean of thirty replicates.
observed that tricalcium phosphate served as better phosphorus source for seeds inoculated with CRPF 2 with an increase in shoot length (17.7%) over control. On the contrary, PRS 9 treated seeds show maximum growth in KH 2 PO 4 with (14.3%) increase in shoot length. CRPF 7 and GRS 1 unable to mobilize P, thus did not promote plant growth (Table 3) .
Discussion
There are several studies which indicate that seed or soil inoculation with phosphate solubilizing bacteria (PSB) improve solubilization of fixed soil phosphorus and applied phosphates resulting in higher crop yields (Nautiyal 1999; Kumar et al. 2001) . The use of rock phosphate as phosphate fertilizer, and its solubilization through microbes has become a valid alternative to expensive chemical fertilizers. The establishment and performance of these rhizosphere microbes is affected severely under abiotic stress as temperature, pH and salt. The study was aimed at screening and subsequent selection of high phosphate solubilizing cold tolerant mutants of P. fluorescens and their effect on plant growth promotion under in vitro and in situ conditions at low temperature. Comparative evaluation of 'P' solubilization by wild type strains of P. fluorescens and their mutants, led to selection of two mutants, CRPF 2 and CRPF 7 . Also, the P-solubilization ability was accompanied by a decrease in pH of the medium. The decrease in pH clearly indicates the production of acids, which is considered to play a major role in 'P' solubilization and subsequently plant growth promotion (Kpomblekou and Tabatabai 1994; Reyes et al. 2001) .
In vitro paper towel assay revealed that all mutant inoculated plants, at 10°C, invariably showed a significant increase in root (48.6%) and shoot (64.3%) length over control and wild type. These results are in good accordance with Sun et al. (1995) where they found stimulation of canola seedling root length by P. putida GR 12-2 at 25°C and 5°C. Genetically modified strains of Penicillium rugulosum were able to stimulate the growth of maize plants by means of an increased 'P' uptake (Reyes et al. 2002) . Also, CRPF 7 exhibited better plant growth promotion at 10°C inspite of the fact that it is a poor 'P' solubilizer as compared to its wild type, PRS 9 (high 'P' solubilizer). Needless to say that this effect simply reflects its low temperature growth ability over PRS 9 . Moreover, plant growth promotion by a PGPR requires the coordination of multiple phenomena (Glick 1995) . Colonization of soil by non-indigenous microorganism depends both on its interaction with indigenous microflora associated with plants and its ability to utilize diverse substrates in the soil (Miethling et al. 2000) . Our pot experiments suggest that the mutant CRPF 2 was an efficient rhizosphere colonizer, which is clearly evident from a significant increase in root and shoot length of mung bean in sterilized and unsterilized soil systems. This increase in plant growth indicates higher P solubilization potential and longer rhizosphere survival of CRPF 2 . Although, PRS 9 also promoted plant growth in sterilized soil but was unable to perform better under unsterilized soil system owing to its inability to overcome rhizospheric competition imposed by indigenous microflora. The inoculation of these 'P' solubilizing strains also promoted nodule formation (data not shown). In a similar study, PSB inoculation enhanced nodulation and growth of soybean (Viveganandan and Jauhri 2002) . In sand experiment, it is also evident that tricalcium phosphate served as better phosphorus source in comparison to KH 2 PO 4 , it appears that insoluble nature of tricalcium phosphate leads to induction of 'P' solubilization. The results are comparable to PRS 9 , which is also a good 'P' solubilizer with a difference that KH 2 PO 4 here served as better source. These observations support that higher rhizospheric competence of CRPF 2 was also responsible for better performance. Reyes et al. (2002) reported that Penicillium rugulosum solubilize Navay rock phosphate and colonize maize. Manipulations of genes in microorganisms can affect their fitness under variable conditions. The competitiveness of an organism may thus be increased or decreased by unknown effects on the genotype and also by disruption of normal physiological processes as a result of expression of novel traits (Tiedje et al. 1989) . This study indicates that it is possible to select physiologically efficient strains of P. fluorescens through mutagenesis and that resultant mutant strains can be used as phosphatic fertilizer to improve crop productivity at lower temperatures.
